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Nuclear Retention of MBP mRNAs
in the Quaking Viable Mice
leads to a reduction in the MBP levels and their im-
proper cellular targeting to the periphery. Our findings
suggest that QKI participates in myelination by regu-
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Figure 1. QKI Proteins Bind an RNA Element in the MBP 3-UTR
(A) A schematic diagram representing different regions of the 21.5 K MBP mRNA is shown. QKI-5, -6, or -7 were expressed in HeLa cells and
immunoprecipitated with control or myc antibodies. The immunoprecipitates were incubated with 32P-labeled RNA MBP fragments as indicated
and quantitated. Each bar represents the mean  standard deviation of data from n  6.
(B) QKI binds the 3-UTR of MBP directly. HeLa (none) or QKI-7 transfected HeLa cells were lysed and incubated with a 32P-labeled MBP RNA
626–885 and UV crosslinked. The unbound RNAs were digested and the QKI protein immunoprecipitated with control (IgG) or anti-myc
antibodies. The bound proteins were separated by SDS-PAGE and visualized by autoradiography.
(C) The QKI recognition element (QRE) is located within nucleotides 680–790 of MBP mRNA. 32P-labeled RNA probes corresponding to different
portions of the MBP mRNA were incubated with PBS, GST (1.0 g), or GST-QKI-7 (1.0 g), and the reactions were analyzed with native
acrylamide gel electrophoresis and autoradiography. The migration of QKI-RNA complexes and free RNA probes is indicated.
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translated by polyribosomes (Colman et al., 1982; Verity Results
and Campagnoni, 1988). The rate of synthesis of MBPs
Identification of a 110 Nucleotide QKI Recognitionis unaffected (Brostoff et al., 1977), but the levels of
Element in the 3-UTR of the MBP mRNAsMBP mRNAs in qkv mice are reduced (Li et al., 2000). The
The myelination defect observed in the qkv micelevel of the alternatively spliced mRNAs and proteins
prompted us to investigate whether the QKI RNA bindingfor the small and large isoforms of myelin-associated
proteins bound the mRNAs of the major protein compo-glycoprotein are also altered in qkv mice (Frail and Braun,
nents of myelin. One such component is the myelin basic1985; Braun et al., 1990; Fujita et al., 1990; Bartoszewicz
protein (MBP). Mice contain four alternatively splicedet al., 1995; Trapp et al., 1984; Bo et al., 1995). The levels
isoforms of MBP (14, 17, 18.5, and 21.5 kDa) that differof proteolipid protein mRNA have also been shown to
in their coding sequence, but not in the untranslatedbe reduced in qkv (Sorg et al., 1986, 1987). These obser-
regions of their mRNAs (de Ferra et al., 1985). To investi-vations raise the possibility that the QKI proteins are
gate whether the QKI proteins bound the mRNAs encod-directly involved in the regulation of RNA metabolism
ing the MBPs, synthetic RNA transcripts correspondingof myelin components.
to portions of the longest mouse MBP mRNA (21.5 kDa,The QKI proteins contain a hnRNP K Homology (KH)
Figure 1A) were 32P-labeled and examined for their abilitydomain embedded in a larger domain called the GSG
to associate with the QKI proteins. Transfected HeLa(GRP33, Sam68, GLD-1) domain (Jones and Schedl,
cells expressing myc-epitope-tagged QKI-7 were immu-1995). These proteins are often referred to as STAR
noprecipitated with control (IgG) or anti-myc antibodies(Signal Transduction Activators of RNA) proteins be-
followed by protein A-Sepharose beads. The controlcause of their potential link to signal transduction path-
and myc-QKI-7 bound beads were incubated with equalways (Vernet and Artzt, 1997). The QKI GSG domain has
quantities of 32P-labeled MBP transcripts, washed, andbeen shown to be necessary and sufficient for RNA
the bound RNAs quantitated by scintillation counting.binding and dimerization (Chen and Richard, 1998). The
The 3-UTR of the MBP mRNAs bound immunoprecipi-C-terminal QKI sequences that vary from 8 to 30 amino
tated myc-QKI-7 approximately 30-fold over control im-acids due to alternative splicing are involved in targeting
munoprecipitations (Figure 1A, compare bars represent-the QKI proteins to different cellular compartments
ing IgG with myc for 626-2111). RNA transcripts(Hardy et al., 1996b). The unique C-terminal sequences
corresponding to the 5-UTR (1-49) and the coding re-of QKI-5 harbor a nuclear localization signal and target
gion (1-625) of the 21.5 kDa MBP did not associate withQKI-5 to the nucleus (Wu et al., 1999). QKI-6 and QKI-7
QKI-7 (Figure 1A). Shorter RNA segments of the 3-UTRare predominantly cytoplasmic. The QKI isoforms are
of the MBPs were examined for QKI binding in order tothought to shuttle between the nucleus and the cyto-
map a short recognition element. The majority of QKI
plasm as homo- and heterodimers (Wu et al., 1999; Pi-
binding resided from nucleotides 626 to 885 in the 3-
lotte et al., 2001). QKI orthologs have been identified
UTR of MBP, and a minor binding site was also observed
from Xenopus, Drosophila, chicken, and zebrafish, sug- from nucleotides 1441 to 1770 (Figure 1A). QKI-5 and
gesting that the qk gene may have a fundamental cellular QKI-6 also bound the MBP 3-UTR spanning nucleotides
function (Baehrecke, 1997; Tanaka et al., 1997; Zaffran 626 to 790, demonstrating that MBP mRNA binding was
et al., 1997; Zorn et al., 1997; Mezquita et al., 1998). not QKI isoform specific (Figure 1A). These findings sug-
Recent evidence has indicated the involvement of sev- gest that the mRNAs encoding the MBPs contain one
eral QKI orthologs in RNA metabolism. For instance, major QKI Recognition Element (QRE) residing from nu-
Drosophila Held-Out-Wings (How) has been shown to cleotides 626 to 790.
function in the mRNA export of the transcription factor To confirm that the QKI-7 binding to the MBP mRNAs
Stripe during tendon development (Nabel-Rosen et al., was a direct interaction, an ultraviolet light (UV)-cross-
1999). Although the QKI proteins have been shown to linking assay was performed. Myc-QKI-7 transfected or
control cell survival and cell death (Pilotte et al., 2001), untransfected HeLa cells were lysed, and cell lysates
their molecular function in RNA metabolism and their were incubated with a 32P-labeled synthetic RNA tran-
physiological mRNA targets remain unknown. script encompassing nucleotides 626 to 885 and irradi-
We now show that the QKI RNA binding proteins bind ated with UV light. The cell lysates were RNase treated
a short element in the MBP 3 untranslated region. The to remove unprotected RNA, immunoprecipitated using
balance between the nuclear and cytoplasmic isoforms control (IgG) or anti-myc antibodies, and the bound pro-
of QKI, which are derived from alternative splicing, con- teins separated on SDS 10%-polyacrylamide gels and
trols the nuclear export of MBP mRNAs and the cellular visualized by autoradiography. A 32P-labeled protein of
localization of exon II MBP isoform 17 and 21.5. By using 45 kDa corresponding to the size of QKI-7 was present
OL cultures overexpressing QKI-5, we have re-created in Myc immunoprecipitates from cells transfected with
the MBP defects observed in qkv mice. Our data provide QKI-7, but not untransfected cells (Figure 1B). This ex-
evidence that the QKI proteins are involved in myelin- periment provides strong evidence that the interaction
between the QKI proteins and the MBP QRE is direct.ation.
(D) Mixed rat astrocytes and OLs were homogenized in lysis buffer and immunoprecipitated with normal rabbit serum (NRS) or anti-QKI
antibodies. RNAs were extracted from the immunoprecipitates and the presence of MBP mRNA was detected by RT-PCR. For positive control,
MBP cDNA was used as a template (control) and for negative control, reverse transcriptase (RT) was omitted. The PCR products were first
visualized by staining and verified by Southern blot analysis with an MBP-specific probe.
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To further confirm a direct interaction, electrophoretic lysed and immunoprecipitated with control (IgG) or anti-
HA antibodies, the bound proteins were separated bymobility shift assays (EMSA) were performed using re-
SDS-PAGE and immunoblotted with anti-myc antibod-combinant QKI proteins and MBP 32P-labeled RNA tran-
ies. HA immunoprecipitates of wild-type QKI coimmuno-scripts. Recombinant glutathione-S-transferase (GST)
precipitated myc-epitope-tagged QKI and QKI:V157E,QKI-7 fusion protein and the control GST fusion partner
but not QKI:E48G (Figure 2B, lanes 1–9). These findingswere incubated with a 32P-labeled MBP synthetic RNA
suggest that the V157E mutation prevents RNA bindingcorresponding to nucleotides 626 to 885. The QKI-RNA
and that the E48G substitution prevents dimerization.complexes and unbound RNAs were separated on na-
Since the substitution of E48G is unable to bind RNA,tive 4% polyacrylamide gels and visualized by autoradi-
this suggests that dimer formation may be essential forography. A slow migrating complex that corresponded
MBP RNA binding.to a QKI-RNA complex was observed with GST-QKI-7,
but not with GST or phosphate-buffered saline (PBS)
Nuclear Export of the MBP mRNAs Is Controlledalone (Figure 1C). QKI bound to a shorter RNA transcript
by the Balance of the QKI Isoformsencompassing nucleotides 626 to 790 but not nucleo-
The relationship between the localization of the MBPtides 626 to 710 (Figure 1C, lanes 6 and 9). Two 5-
mRNAs and the QKI proteins was examined in COSdeletions were performed and tested for QKI binding.
cells. Since COS cells do not endogenously express theThe removal of nucleotides 626 to 679 did not affect QKI
QKI isoforms (Chen and Richard, 1998), the contributionbinding (lanes 10–15), but the deletion of nucleotides 626
of the different QKI isoforms in MBP mRNA localizationto 719 abrogated QKI binding (lanes 16–21). Thus, the
can be assessed separately or collectively using trans-shortest region identified resides from nucleotides 680
fected genes. COS cells were transfected with an ex-to 790 in the mouse MBP 3-UTR (Figure 1C, lanes 13–15)
pression vector containing a full-length 14 kDa mouseand this area was designated the minimal QRE.
MBP cDNA. The cells were fixed and the MBP mRNAThe interaction between endogenous QKI proteins
was detected by using in situ hybridization. The MBPand MBP mRNAs was verified in primary rat OLs. The
mRNA was localized predominantly in the cytoplasm ofOLs were lysed and immunoprecipitated with control
COS cells, as expected for mRNA (Figure 3A, panel A).normal rabbit serum (NRS) or anti-QKI antibodies,
The co-transfection of myc-epitope-tagged QKI-5 withknown to immunoprecipitate the QKI proteins (Chen and
an MBP expression vector containing the untranslatedRichard, 1998). The presence of coimmunoprecipitating
regions caused the nuclear retention of the MBP mRNAMBP mRNAs was verified by using reverse transcription
(Figure 3A, panel D). MBP mRNA without the 3-UTR(RT)-PCR analysis with MBP-specific primers. A DNA
(MBP3UTR) exited the nucleus and failed to be re-fragment of the correct size was observed in the anti-
tained by QKI-5 (Figure 3A, panel G). Similar results wereQKI antibody immunoprecipitates only in the presence
observed with the MBP 21 kDa isoform (data not shown).of the reverse transcriptase, suggesting that the DNA
These findings suggest that the 3-UTR of the MBPfragment was amplified from mRNA and not genomic
mRNA is required for QKI-5-mediated nuclear retention.DNA (Figure 1D, lanes 1–5). To confirm that the DNA
The heterodimerization of the QKI isoforms (Chen andfragment was indeed from the MBP mRNAs, a southern
Richard, 1998) and their nucleocytoplasmic shuttlingblot was performed using an MBP-specific DNA 32P-
ability (Wu et al., 1999) suggest that QKI dimers maylabeled probe. The DNA fragment amplified from the
function in the nuclear export of the MBP mRNAs. If thisanti-QKI antibody immunoprecipitation hybridized with
is indeed the case, the presence of the cytoplasmicthe MBP-specific probe (Figure 1D, lanes 6–10). These
QKI-6 and QKI-7 isoforms might relieve the QKI-5-medi-findings demonstrate that the QKI proteins associate
ated MBP mRNA nuclear retention. COS cells were co-with the MBP mRNAs in vivo.
transfected with expression vectors encoding the 14
kDa MBP and various combinations of QKI isoforms.
QKI Embryonic Lethal Point Mutations Disrupt The presence of QKI-6 or QKI-7 relieved part of the
RNA Binding Activity QKI-5-mediated nuclear retention of the MBP mRNA.
The identification of a physiological RNA target (MBP) However, a significant portion of MBP mRNA was unable
for QKI permitted us to examine whether the two embry- to exit the nucleus (Figure 3A, panels J and M). The
onic lethal point mutations identified in the QKI GSG presence of all three QKI isoforms greatly restored the
domain altered specific RNA binding. Recombinant ability of the MBP mRNA to fully exit the nucleus (Figure
GST-QKI-7 bound the MBP QRE in a dose-dependent 3A, panel P). Reverse transcription (RT)-PCR was per-
manner, as visualized by electrophoretic mobility shift formed on RNA isolated from cells transfected with or
assays (Figure 2A, lanes 5–7). The substitution of valine without QKI-5. The presence of QKI-5 did not affect the
157 to glutamic acid (V157E) or the substitution of glu- overall levels of MBP mRNA (Figure 3B, compare lanes
tamic acid 48 to glycine (E48G) in QKI abolished the 3–5 to 7–9 and lanes 11–13 to 15–17). Immunoblotting
ability of the recombinant proteins to bind the QRE (Fig- confirmed that the expression of QKI-5 remained equiv-
ure 2A, lanes 8–13). We have shown in earlier studies that alent with the expression of QKI-6 and/or QKI-7 isoforms
the substitution of QKI E48G prevents homodimerization (Figure 3C). These findings demonstrate that the balance
by disrupting predicted coiled-coil interactions (Chen of the QKI isoforms regulates the retention and release
and Richard, 1998). Therefore, we wanted to examine of the MBP mRNAs from the nucleus.
whether the inability of the V157E amino acid substitu-
tion was a failure to dimerize. HeLa cells were trans- QKI-5 Retains MBP mRNAs in the Nucleus of OLs
fected with myc- and HA-epitope-tagged QKI proteins The ability of QKI proteins to control the nuclear export
of MBP mRNAs was examined in OLs, a cell type wherecontaining the amino acid substitutions. The cells were
MBP Nuclear Export Defects in Quaking Viable Mice
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Figure 2. The qk Lethal Point Mutations Abrogate RNA Binding
(A) V157E or E48G mutations abolish MBP binding. PBS or an increasing amount (0.5, 1.0, and 2.0 g) of GST, GST-QKI-7, GST-QKI-7:V157E,
and GST-QKI-7:E48G were incubated with a 32P-labeled MBP RNA fragment containing the QRE. The reactions were analyzed with native
PAGE and autoradiography.
(B) V157E substitution has no effect on QKI dimerization. HA-tagged QKI-7 was cotransfected in HeLa cells with myc-tagged QKI-7, QKI-
7:E48G, or QKI-7:V157E as indicated. Total cell lysates (TCL), IgG, and anti-HA immunoprecipitates were analyzed by immunoblotting with
anti-myc antibodies (lanes 1–9). TCL were also immunoblotted with anti-HA antibodies to verify the expression (lanes 10–12).
QKI has a physiological role. OLs of qkv mice only ex- of retaining the MBP mRNAs in the nucleus and the
perikaryon of OLs was verified at the MBP protein level.press the QKI-5 isoform (Hardy et al., 1996b), implying
that the dysmyelination could be the result of mRNA QKI-5-infected OLs were immunolabeled with a mono-
clonal anti-MBP antibody and visualized by immunofluo-nuclear export defects of key myelin components. To
test this possibility and to mimic the situation in qkv rescence. QKI-5-infected OLs had a visibly weaker
staining for the MBPs (Figure 5A, compare panels b andmice, QKI-5 was overexpressed in OL cultures. OLs were
co-infected with adenoviruses expressing QKI-5 d) and this was confirmed by Western blot analysis.
Thus the five MBP isoforms normally expressed in rat(AdTR5-QKI-5) and the tetracycline transactivator (tTA)
at MOIs sufficient to transduce about 80% of the cells OLs were proportionally reduced (Figure 5B). Another
observation was that in the QKI-5-infected OLs, MBPsas shown by the expression of the green fluorescent
protein (GFP) which is constitutively coexpressed from were mostly localized in the perikarya. The failure of
MBPs to migrate to the distal branching sites was visual-the QKI-5 virus. The presence of the tTA is necessary
to drive the expression of the inducible QKI-5. The distri- ized by immunofluorescence using a conventional (Fig-
ure 5A, panel d) or a confocal microscope (Figure 5C,bution of the QKI-5 protein was predominantly nuclear
as viewed by indirect immunofluorescence with an anti- compare panels b and d). In control cultures infected
with the GFP construct alone, the MBPs were localizedmyc epitope antibody 3 days post-infection (Pilotte et
al., 2001). OLs infected with AdTR5-QKI-5 were fixed, at the periphery (Figures 5A and 5C, panels b), demon-
strating that adenovirus infection per se did not alterpermeabilized, and MBP mRNAs detected by using in
situ hybridization. The “green” QKI-5 overexpressing the normal localization of the MBPs in OLs. These data
suggest that the nuclear export defect induced by theOLs displayed mainly a nuclear accumulation of MBP
mRNAs with only some staining in the perikaryon, as overexpression of QKI-5 ultimately translates into lower
levels of expression of the myelin basic proteins as wellvisualized by confocal microscopy (Figure 4, panel E).
Longer exposure of the MBP in situ hybridization dem- as their mislocalization.
onstrates that little to no MBP mRNAs are in the OL
processes and the periphery (Figure 4, panel F). In con- Nuclear Retention of MBP mRNAs in qkv Mice
MBP mRNAs are concentrated in the cell body of qkvtrast, OLs infected with a control adenovirus (AdTR5)
expressing only GFP localized the MBP mRNAs in the OLs, as assessed in 1991 by in situ hybridization using
a 35S-labeled MBP probe (Barbarese, 1991). The resolu-perikaryon and processes with little to no staining in the
nucleus (Figure 4, panel B). Longer exposure clearly tion of this assay did not permit distinction between the
cell body, the perinuclear compartments, or the nucleusdemonstrates that the MBP mRNAs extend into the pro-
cesses and reach the periphery (Figure 4, panel C). Our of the OLs. To better define the compartment in which
MBP mRNAs are located in qkv mice, we performed infindings suggest that a balance toward elevated QKI-5
causes nuclear export defects of MBP mRNAs in OLs. situ hybridization using a digoxigenin-labeled probe and
confocal microscopy. Brain slices from the cortex ofThe interaction of QKI with the 3-UTR of the MBPs
could have several functional consequences ultimately normal mice showed that MBP mRNAs were located
along axons and this was not observed in qkv mice (Fig-affecting the protein levels of the MBPs. The effects
Neuron
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Figure 3. The QKI Isoforms Control the Nuclear Export of the MBP mRNAs
(A) COS cells were transfected with the plasmids encoding the 14 K MBP or MBP 3-UTR in combination with the myc-QKI isoforms. After
12 hr, the cells were fixed, permeabilized, and in situ hybridization and immunofluorescence were performed. A digoxigenin-labeled RNA
probe was used followed by an anti-digoxigenin rhodamine-conjugated antibody, whereas an anti-myc antibody followed by a FITC-conjugated
secondary antibody was used to detect the myc-QKI. The cells were mounted onto a glass slide in the presence of the nuclear stain DAPI
and visualized by fluorescence microscopy.
MBP Nuclear Export Defects in Quaking Viable Mice
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Figure 4. Nuclear Retention of MBP mRNAs in QKI-5 Overexpressing OLs
Primary rat OLs were co-infected with adenoviruses that constitutively expresses the tTA and a tetracycline-inducible adenovirus expressing
GFP alone (A, B, and C) or GFP with myc-QKI-5 (D, E, and F). After 3 days, the cells were fixed, and permeabilized to perform in situ hybridization
with a digoxigenin-labeled RNA probe. The cells were visualized by confocal microscopy.
ure 6A). Primary OL cultures from postnatal day 11 wild- culture with QKI-5 (Figure 5C, panel d), we wanted to
confirm if MBPexII localization was affected in qkv mu-type and qkv mice were generated and the localization
of the MBP mRNAs was visualized. The mRNAs for the tants. Brain slices containing the corpus callosum, a
region rich in myelinating OLs, from qkv mutant and wild-MBPs were observed to be located at the periphery of
OLs from wild-type mice (Figure 6B, panel B). The type mice were examined for the MBPexII distribution
by using an anti-MBPexII-specific antibody (Pedraza etmRNAs for the MBPs were localized in the nuclei and
the perinuclear regions of OLs from qkv mice, as visual- al., 1997). A cell body staining was observed from the
corpus callosum in the wild-type brain sections (Figureized by confocal microscopy (Figure 6B, panel F). The
OLs from qkv mice appeared immature and bipolar com- 7A). In qkv mice, MBPexII isoforms were clearly localized
in the cytoplasm and primary branches of OLs, consis-pared to the OLs from wild-type mice (Figure 6B, panels
C and G). The bright foci observed with the Hoechst tent with the presence of young OLs (Figure 7A, panels
b and d). The presence of bipolar cells suggests that adye do not represent cell death and are characteristic
of mice cells (Figure 6B, panels A and E). These findings maturation defect or delay is observed in qkv OLs. OL
cultures from wild-type and qkv mice that were maturedsuggest that OLs from qkv mice are defective in the
nuclear export of the MBP mRNAs. for 10 days in vitro localized MBPexII proteins in the
perinuclear and cytoplasmic regions (Figure 7A, panels
e and f). Moreover, the ratio of MBP isoforms 17 andThe Localization of MBPexII Isoforms in Quaking
Viable Mice 21.5 was not altered between wild-type and qkv mice,
suggesting that the QKI proteins may not regulate inclu-The exon II containing MBP isoforms 17 and 21.5 are
nuclear in young OLs, and their presence is thought sion/exclusion of MBP exon II (Figure 7B), as recently
suggested (Wu et al., 2002). These observations suggestto regulate mRNA movement to the periphery during
myelination (Allinquant et al., 1991; Pedraza et al., 1997). that the MBP mRNA nuclear retention in qkv mice is not
caused by an excess of MBPexII isoforms in the nucleus,The defect in MBP mRNA export might be explained by
the abundance of MBPexII in the OL nuclei in qkv mice. but that qkv OLs clearly have maturation defects.
To examine the role of the QKI proteins on the cellularAlthough we did not see nuclear retention of MBP in OL
(B) The stability of MBP mRNA is unaffected by QKI-5 expression. The 14 K MBP or MBP 3-UTR were transfected alone or in combination
with QKI-5 in COS cells. The RNA was isolated with Trizol, treated with DNase, and subjected to RT-PCR with MBP-specific primers. DNA
fragments were separated on agarose gels and visualized by staining. The MBP cDNA was used as a positive control, whereas RT was omitted
() during reverse transcription as a negative control.
(C) QKI-5 expression is unaltered by the presence of the other QKI isoforms. COS cells were transfected with either myc-tagged QKI-5, -6,
or -7 alone and in different combinations. The cell lysates were analyzed by immunoblotting with anti-myc antibodies.
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Figure 5. The Overexpression of QKI-5 Sup-
presses the Expression of MBPs and Alters
Their Proper Localization in OLs
(A) QKI-5 protein expression causes retention
of the MBPs in the perikarya of OLs. OLs
progenitors were infected with adenoviruses
coding for QKI-5 (panels c and d) and GFP
only expressing control AdTR5 (panels a and
b) and allowed to differentiate. On day 3 after
QKI-5 expression, the MBPs were immuno-
stained with anti-MBP antibodies (red) and
visualized by fluorescence microscopy (pan-
els b and d). GFP (green) positive cells denote
the infected cells in this experiment. Bar scale
represents 10 m.
(B) Expression of the MBPs decreases in the
presence of QKI-5. OL progenitors infected
as in (A) were lysed, separated by SDS-PAGE,
and immunoblotted with anti-MBP and -actin
antibodies, n  3.
(C) The localization of MBPs was examined
by confocal microscopy. Cells infected as in
(A) were immunostained with anti-MBP anti-
bodies (red, panels b and d). The GFP (green)
is a marker of infection. Bar scale represents
10 m.
localization of exon II containing MBP isoforms, primary MBPexII retention (Figure 7C, panel f). These findings
suggest that the absence of QKI-7 in qk v mice preventsrat OLs were infected with QKI-5, -6, and -7 adenovi-
ruses. Control infected OLs localized MBPexII to the the nuclear localization of MBP exon II isoforms.
cytoplasm and the perinuclear compartment as de-
tected by immunofluorescence (Figure 7C, panels a and QKI-5 Downregulates the Expression of the MBPs
In Vivob). The presence of QKI-5 (panels c and d), or QKI-6
(data not shown) did not affect MBPexII localization. The To confirm that QKI-5 downregulates the expression of
the MBPs in vivo, the corpus callosum of postnatal dayoverexpression of QKI-7 exclusively localized MBPexII
isoforms to the nuclei of OLs (Figure 7C, panels e and 1 mice was injected with a control or QKI-5-expressing
adenovirus. The corpus callosum was chosen as thef). Although we have shown that QKI-7 overexpression
causes cell death in OLs (Pilotte et al., 2001), MBPexII site of injection because it is myelin rich and adenovirus
injections are known to spread along the white matterlocalization was assessed at a pre-apoptotic stage. Al-
though wild-type OLs (Figure 7C, panel b) contain QKI-7, tracts (Kuo et al., 1995). The body weight of QKI-5-
injected mice was consistently less than those of con-it is the imbalance in the QKI isoforms that causes the
MBP Nuclear Export Defects in Quaking Viable Mice
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Figure 6. mRNAs Encoding the MBPs Are Nuclear in OLs from qkv Mice
(A) Fifteen micrometer slices from 30-day-old C57BL/6 or qkv mouse brains were fixed, permeabilized, and hybridized with a DIG-labeled MBP
RNA probe. The RNA was detected with an anti-DIG antibody conjugated to rhodamine, and the brain slices were visualized by fluorescence
microscopy. The panels shown represent the cortex region of the mouse brain.
(B) MBP mRNAs are retained in the nuclei of OLs in qkv mice. Primary mouse OLs were isolated from postnatal day 11 wild-type (wt) or qkv
mice. The cells were fixed, permeabilized, and subjected to in situ hybridization with a DIG-labeled MBP RNA probe. The cells were visualized
by using a Zeiss confocal microscope. Each panel represents the same field of cells as visualized under blue (Hoechst) and red (rhodamine)
and phase contrast filters. The overlay represents the merge of the three fields.
trol-injected mice at postnatal day 10. The QKI-5 adeno- in the corpus callosum stained positive for both GFP
and MBP (Figures 8C and 8E). In panel C, a single OLvirus-injected mice displayed a reduced weight (3.88 g
0.12, n 6) compared to the control-injected adenovirus can be observed by the arrow where its cell body is
green (GFP) and its primary processes are red (MBP),(4.30 g 0.14, n 6), and the reason for this is unknown.
Brain sections were prepared and stained with anti-MBP indicating that adenovirus-infected cells are able to pro-
duce the MBPs. In contrast, brain sections from twoantibodies (red, Figures 8C to 8F) and visualized by
confocal microscopy. A single injection was sufficient separate mice demonstrated that the tracts in the cor-
pus callosum that were GFP positive (i.e., expressingto spread the GFP-positive adenovirus throughout the
corpus callosum, as well as the lateral ventricle (Figure QKI-5) were MBP negative (Figures 8D and 8F). The
brain section in panel F is quite striking and in addition8B). Sections from two independent injections with the
control adenovirus AdTR5 demonstrated that the tracts depicts an area of degeneration. These results provide
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Figure 7. Abnormal Distribution of MBP Exon II Isoforms in OLs from qkv
(A) Coronal sections through the corpus callosum of postnatal day 30 wild-type (wt) and qkv mice were immunostained with anti-MBPexII
antibodies. A secondary antibody conjugated to rhodamine was used and the staining was visualized by confocal microscopy. Panels c and
d represent amplifications of the regions that are boxed in panels a and b. The bar scale represents 10 m. Panels e and f, OL culture from
wild-type and qkv mice, respectively. The inset is an image from the merge of MBPexII and DAPI staining.
(B) Protein extracts from 30-day-old wild-type and qkv mice were separated by SDS-PAGE and immunoblotted with the anti-MBPexII antibody.
The positions of mouse MBP isoforms 17 and 21.5 are indicated.
(C) The overexpression of QKI-7 causes abnormal distribution of MBP exon II isoforms in OLs. Rat OL progenitors were infected with
adenoviruses coding for QKI-5 (panels c and d), QKI-7 (panels e and f), and control AdTR5 (panels a and b) and allowed to differentiate. On
day 3, after infection, the cells were immunostained with anti-MBP exon II antibodies (red) and visualized by fluorescence microscopy. The
green cells denote the infected cells. An example of nuclear staining is shown in the boxed region of panel f. The inset is an image from a
merge of To-Pro3GFPMBPexII staining. The white staining denotes the nucleus. The bar scale represents 10 m.
strong evidence that disturbing the balance of the QKI C57BL/6 mice caused a reduction in MBP staining. Our
equilibrium toward nuclear QKI isoform suppresses the data implicate the QKI RNA binding proteins as regula-
expression of the myelin basic proteins. tors of nuclear export of the MBP mRNAs in OLs and
provide evidence that the QKI proteins are implicated
in myelination.Discussion
QKI has been shown to associate with the tra2 and
gli element (TGE) bound by another STAR protein C.In this study, we show that MBP mRNA is a target of
elegans GLD-1 (Jones and Schedl, 1995; Jan et al., 1999;the QKI isoforms, specifically through a recognition ele-
Saccomanno et al., 1999). Although QKI associates withment of 100 nucleotides situated at position 680–790
the TGE, the physiological relevance of this interactionof the mouse 3-untranslated region. We have named
is unknown. Schedl and coworkers identified severalthis region the QKI recognition element or QRE. The QKI
mRNA targets for GLD-1 and were unable to identify aproteins bind the QRE as dimers since an amino acid
consensus RNA binding site (Lee and Schedl, 2001).substitution that prevents dimerization abrogates the
Inspection of the QRE and computer searches have alsoability to bind the QRE. The overexpression of QKI-5 in
failed to identify similar sequences in other mRNAs. QKIOLs disrupts the QKI nucleocytoplasmic equilibrium and
and GLD-1 may bind a short sequence within a givencauses the retention of the MBP mRNAs in the nucleus
secondary structure making computer searches errone-and perikaryon. The nuclear accumulation of MBP
ous. The QRE, however, is predicted to form severalmRNA was further confirmed in OLs of qkv mice. The
injection of QKI-5-expressing adenovirus in new born short stem-loop structures (data not shown). During the
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Figure 8. QKI-5 Causes Loss of MBP Stain-
ing In Vivo in the Corpus Callosum
(A) A schematic diagram of the site of injec-
tion is shown. (B) A coronal section of a QKI-
5-injected mouse brain. The GFP was visu-
alized by confocal microscopy. The corpus
callosum of new born mice were injected with
control AdTR5 adenovirus (C and E) or AdTR5
expressing QKI-5 (D and F). Ten days later,
the mice were sacrificed and brain sections
were stained with anti-MBP antibodies. The
visualization of GFP (green) and MBP (red)
or both (yellow) was observed by confocal
microscopy. The corpus callosum (cc) is de-
noted by the white brackets. LV denotes the
lateral ventricle. The bar scale represents 10
m. The arrow in (C) points to an infected
MBP-positive OL that has been enlarged in
the inset.
course of our studies, a QKI RNA binding site was identi- onic lethality in mice is QKI valine 157 to glutamic acid
(Cox et al., 1999). This point mutation localizes in thefied in the 3-UTR of MBP by Feng and coworkers (Zhang
and Feng, 2001). The identification of the nucleotides KH domain that resides 100 amino acids C-terminal
to the coiled-coil region and is not predicted to influenceand RNA secondary structures bound by QKI will require
further mapping with RNA footprinting techniques as dimerization. We observed that QKI V157E abolishes
RNA binding, but not dimerization. Thus the molecularrecently performed for the product of the fragile X syn-
drome protein (Darnell et al., 2001). The major domain defect of the qkk2 allele may be the inability of QKI-5 to
retain certain mRNAs during development.required to bind RNA is the QKI GSG domain (Chen and
Richard, 1998), and this is indeed supported by the fact QKI-5 is the only isoform expressed during mouse
embryogenesis (Ebersole et al., 1996). Expression ofthat the V157E amino acid substitution in the KH domain
abrogates RNA binding. QKI-6 and QKI-7 peaks at postnatal day 16 coinciding
with the onset of myelination (Ebersole et al., 1996). TheThe identification of genetic point mutations in the qk
gene has helped understand the properties of the QKI mechanism that triggers the expression of QKI-6 and
QKI-7 is unknown. Our data suggest that the expressionproteins. We showed previously that the qkkt4 allele alter-
ing QKI glutamic acid 48 to glycine prevents dimerization of QKI-6 and QKI-7 is essential for the “release” or the
derepression of the MBP mRNAs imposed by the nu-by disrupting a predicted coiled-coil (Chen and Richard,
1998). However, we were unable to see a reduction in clear QKI-5. The fact that the QKI proteins dimerize
(Chen and Richard, 1998) and shuttle between the nu-binding to total cellular mRNAs (Chen and Richard,
1998). Here we extend our studies to show that QKI cleus and the cytoplasm (Wu et al., 1999) suggest that
they function as heterodimers to export the MBPE48G amino acid substitution cannot bind the QRE in
the MBP mRNA. These findings suggest that the QKI mRNAs. QKI proteins may be directly involved in nuclear
export mechanics or may be required to “coat” the MBPproteins bind as dimers to specific mRNA targets. The
other amino acid substitution known to cause embry- mRNAs into mature messenger ribonucleoprotein parti-
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cles (mRNPs) to be recognized by the export machinery. mice and the cells generally exhibited a bipolar morphol-
ogy (see Figure 6B, panel G and Figure 7A, panel d).QKI-5 has been shown to shuttle in fibroblasts, as as-
sessed by heterokaryon assays (Wu et al., 1999). We Thus, OLs of qkv mice have a delay in OL maturation
compared with wild-type OLs at the same develop-confirmed that QKI-5 indeed has the ability to shuttle but
to a lesser extent than hnRNPK, a well-known shuttling mental stage. It is currently unknown whether the ab-
sence of QKI-6 and QKI-7 is the cause or the effect ofprotein (Michael et al., 1997; data not shown). This leads
to the question of how an RNA binding protein with the maturation defects. The presence of the cytoplasmic
QKI-7 permits cultured rat OLs to localize MBPexII withinshuttling abilities can retain mRNAs in the nucleus. Our
data clearly demonstrate that MBP mRNAs are retained the nucleus. These studies suggest that cytoplasmic
QKI isoforms may allow MBPexII nuclear import that willin nuclei of OLs and COS cells by QKI-5 and that only
in the presence of QKI-6 and QKI-7 are they released in properly initiate the maturation process of the OLs. Thus
the QKI isoforms regulate the early events of myelina-the cytoplasm. This leads us to propose that MBP
mRNAs may prevent QKI-5 shuttling, or alternatively the tion. It is unknown whether QKI-7 is directly involved in
the mechanism by which MBPexII are transported tomodel we favor, that QKI-6 and QKI-7 are involved in the
release of mRNAs from QKI-5 by competition for the QRE. the nucleus. For example, QKI-7 may remove an exon
II NLS masking protein. Alternatively, QKI-7 may haveThe presence of mRNAs encoding the MBPs in myelin
(Colman et al., 1982) and of soluble polyribosomes in a global effect on the cell that triggers it to myelinate.
It is unclear whether this effect is separate from its abilityOLs (Verity and Campagnoni, 1988) led to the proposal
that MBP mRNAs are transported along processes to to induce cell death. The brain injection of the QKI-5
isoform in new born inbred C57BL/6 mice resulted inthe periphery, where they are locally translated and in-
corporated into myelin. The proteins and RNA elements disruption of the MBP-positive tracts in the corpus callo-
sum. These experiments further demonstrate that theresponsible for this journey are beginning to be identi-
fied (Kiebler and DesGroseillers, 2000). Microinjection disrupted balance toward the nuclear isoform, QKI-5, is
sufficient to induce MBP defects in vivo. Thus it mayof labeled MBP mRNAs in OLs and the formation of
mRNP granules that are transported down the pro- be possible to induce re-myelination by displacing the
equilibrium toward the cytoplasmic QKI isoforms.cesses has led to the identification of the RNA trafficking
signal (RTS) (Ainger et al., 1993, 1997). Other RTS found Drosophila tendon cell differentiation has been shown
to involve the opposing activities of two QKI homologs,in mRNAs transported along processes include those
for myelin OL basic protein (MOBP), 	-CAMKII, tau, and How(L) and How(S) (Baehrecke, 1997; Zaffran et al.,
1997). These How isoforms have been shown to regulateamyloid precursor protein (APP) (Barbarese et al., 2000;
Carson et al., 2001). The RTS is localized from nucleo- the mRNA export and the degradation rate of the Stripe
mRNA (Nabel-Rosen et al., 1999, 2002). We have alsotides 794 to 814 of rat MBP mRNAs or nucleotides 999
to 1019 of mouse MBP (Ainger et al., 1997). Thus the shown that a similar balance between the mammalian
QKI isoforms controls cell survival and cell death (PilotteRTS is localized 200 nucleotides downstream of the
QRE in the MBP mRNA. The RTS is sufficient to permit et al., 2001). Although the mRNA retention of MBP by
QKI-5 parallels the observations of Stripe and How(L)transport of the MBP mRNAs to the processes and is
recognized by hnRNP A2 (Ainger et al., 1997; Hoek et (Nabel-Rosen et al., 1999), QKI-5 is not involved in mRNA
stability, unlike How(L) (Figure 3B and data not shown).al., 1998). Since hnRNP A2 is predominantly nuclear, it
is thought that hnRNP A2 binds the RTS of the MBP It has been postulated that QKI-5 may have such activity
toward the mRNA of Krox-20 (Nabel-Rosen et al., 2002),mRNAs and permits their nuclear export and is impli-
cated in the mRNA transport along the cytoskeletal net- but QKI-5 was expressed in insect cells and it is unclear
whether QKI-5 regulates protein translation, mRNA sta-work in the OL processes (Carson et al., 2001). Our
data demonstrate that the QKI proteins are necessary bility, or mRNA export in that system.
While this paper was under revision, QKI-5 was shownto allow the MBP mRNAs out of the nucleus. Since the
QKI and hnRNP A2 bind different elements, they may to regulate alternative splicing (Wu et al., 2002). This is
most likely an embryonic function because the other QKIcolocalize in mRNPs and function cooperatively in the
nuclear export of the MBP mRNAs. The QRE is also isoforms are absent during embryogenesis. Our working
model is that during myelination, the elevated presencedistinct from other RNA elements in the untranslated
region of MBP including the Y element (Han et al., 1995; of QKI-6 and QKI-7 (Ebersole et al., 1996) most likely
suppresses the nuclear function of QKI-5 (i.e., alterna-Wu and Hecht, 2000) and the RNA localization region
(Ainger et al., 1997). The QKI-6 and QKI-7 isoforms have tive splicing) and permits the participation of QKI-5 in
the mRNA export with QKI-6 and QKI-7. Thus the pres-been shown to localize in the processes of OLs (Hardy
et al., 1996b; Wu et al., 2001), but their function in these ence of splicing defects in qkv mice is most likely caused
by the QKI-5 embryonic function that cannot be sup-processes remains unknown. It is tempting to speculate
that QKI-6 and QKI-7 may be involved in the translational pressed by QKI-6 and QKI-7 because of their absence
in OLs from qkv mice. It will be important to identify thesuppression of the MBPs during the journey along the
processes especially since the QKI proteins have been developmental genes regulated by QKI-5 during em-
bryogenesis and to investigate the alternative splicingshown to functionally substitute for GLD-1, a transla-
tional suppressor (Saccomanno et al., 1999). function of QKI-5 in the presence of QKI-6 and QKI-7
isoforms.OLs from qkv have been proposed to have maturation
defects (Hogan and Greenfield, 1984). An elevated pres- In conclusion, we have shown that the MBP mRNAs
are physiological targets of the QKI family of proteinsence of bipolar OLs that stained with MBPexII antibodies
was observed in the corpus callosum of qkv mice. More- and that the QKI proteins function in the regulation of
mRNA export out of the nucleus. The elucidation of theover, much fewer primary OLs were obtained from qkv
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1998; Pilotte et al., 2001). Full-length MBP cDNAs for mouse 14, 17,role of the QKI proteins during myelination will only be
18.5, and 21.5 kDa were obtained from the Laboratory for Genomeachieved by studying the isoforms together in OLs. The
Exploration Research Group RIKEN Genomic Sciences Centerpresent manuscript introduces the various QKI isoforms
(GSC), RIKEN Yokohama Institute Japan. Myc-QKI-7:V157E was
in OLs and recreates a molecular defect observed in qkv constructed by inverse PCR with myc-QKI-7 and MBP3UTR and
mice. The qkv phenotype is complicated because some MBP full-length were generated by PCR.
areas of the brain maintain QKI-5 expression and others
Preparation of Mouse OLsare completely devoid of QKI proteins (Hardy et al.,
OLs progenitor cells were purified from postnatal day 11 mouse1996a). Our studies show that QKI-5 overexpression,
brain. At that age, the qkv phenotype is clearly visible by a typicalwhich is predicted to disrupt the nuclear to cytoplasmic
tremor in the hindlimbs. Five wild-type C57BL/6 females and fiveratio of QKI proteins (Pilotte et al., 2001), reproduces in
qkv females were used for the mouse OL culture experiments. Purifi-
OLs the nuclear retention of the MBP mRNAs. These cation and culture of OL progenitor cells were performed according
findings imply that the absence of QKI-6 and QKI-7 in to the percoll gradient procedure (Lubetzki et al., 1991). These OL
progenitor cells were plated on poly-D-lysine-coated glass cov-OLs of the qkv mice is sufficient to cause myelination
erslips. Cultures were incubated for 10 days in OL differentiationdefects.
media containing T3 hormone as described (Almazan et al., 1993).
For the endogenous MBPexII proteins, analysis from brain crudeExperimental Procedures
extract, entire brains were lysed by sonication in 1
 Laemmli buffer
containing 8 M urea without bromphenol blue. The quantity of totalPrimary Rat OL Cultures and Adenovirus Infections
protein in each sample was estimated by the Bradford assay (Bio-Cultures of OL progenitors were generated as described (Almazan
Rad, Hercules, California).et al., 1993). OL progenitors, also termed O-2 A progenitors for their
ability to generate OLs and type 2 astrocytes in vitro, were plated
Protein Analysison 6-well dishes at a density of 15 
 103 cells/cm2. In order to
Myc-QKI-7 and HA-QKI-7 were transfected in HeLa cells, lysed,expand their numbers and prevent differentiation, the cultures were
immunoprecipitated, and analyzed as previously described (Chengrown in media containing 2.5 ng/ml basic fibroblast growth factor
and Richard, 1998). Samples were immunoblotted with anti-myc(Peprotec) and platelet-derived growth factor AA for 4 days. The
(9E10), anti-HA (12CA5), anti-MBP (Dako Diagnostics), or anti-actincultures were infected with the indicated adenovirus co-expressing
(Chemicon) antibodies followed by a goat anti-mouse antibody con-QKI-5 from the TR5 promoter and GFP from the CMV promoter
jugated to horse radish peroxidase (ICN). Chemiluminescence was(AdTR5-QKI-5; Massie et al., 1998b; Pilotte et al., 2001) or control
used for protein detection (Dupont).adenovirus (AdTR5) expressing GFP from the TR5 promoter and an
adenovirus AdCMV-tTA that expresses the tTA (Massie et al., 1998a).
In Vitro TranscriptionA multiplicity of infection (MOI) of 100 was sufficient to infect about
32P-labeled MBP RNA fragments were generated by in vitro tran-80% of the cells as judged by GFP-positive cells. After infection,
scription using the T7 RNA polymerase following the protocols rec-the cells were grown in differentiation media containing bFGF,
ommended by the manufacturer (Promega). The DNA templatesPDGF-AA, and T3 at 40 ng/ml. Morphological examination estab-
used for in vitro transcription were PCR fragments of different re-lished that the progenitor cultures were essentially homogeneous
gions of the MBP cDNA with an engineered 5 T7 promoter. Thebipolar cells, and acquired ramified processes as they differentiated
oligonucleotide sequences used to generate the MBP RNAs will beinto mature OLs in vitro.
given upon request.For stereotactic adenovirus injection, 1 l of 1
 107 pfu/l adeno-
virus was injected using a 31-gauge needle in the corpus callosum
of postnatal day 1 inbred C57BL/6 mice at the following localization: RNA Binding Assays
bregma 1 mm; lateral 0.5 mm; depth of 1 mm. The survival rate RNA binding of immunoprecipitated QKI was performed as pre-
was95% with over 20 pups. The pups were returned to the mother viously described (Chen and Richard, 1998). For EMSA, 32P-labeled
and monitored daily. At postnatal day 10, the pups were sacrificed RNA (105 cpm) was incubated at RT for 30 min with GST or GST-
and their brains processed for GFP and MBP protein levels by immu- QKI fusion proteins (0.5–2.0g) in PBS supplemented with 1% Triton
nofluorescence. X-100, 1 mg/ml of heparin, and 250g/ml of tRNA. The samples were
electrophoresed on a 4% native polyacrylamide gel (acrylamide:bis,
60:1) in 0.5
 TBE and visualized by autoradiography. For the analy-Tissue Processing and Immunolabeling
sis of QKI-MBP mRNA association in vivo, astrocytes and OLs (OLs)of Brain Cross-Sections
isolated from newborn rats were lysed with lysis buffer supple-For immunofluorescence studies, 30-day-old mice were treated in-
mented with the RNase inhibitor RNAguard (Pharmacia), and thetraperitoneal with sodium pentobarbital before intracardial perfusion
cell lysates were immunoprecipitated with anti-QKI antibody (Chenat 40 ml with 0.1 M cold PBS and then 40 ml of ice-cold 4% paraform-
and Richard, 1998) or normal rabbit serum (NRS). Associating MBPaldehyde in PBS, pH 7.4. The entire brain was removed and post-
mRNAs were amplified by RT-PCR and Southern blot analysis. Forfixed in 4% paraformaldehyde at 4C overnight, and then immersed
UV crosslinking, a synthetic 32P-labeled RNA corresponding to nu-in 30% sucrose for 2 days. Tissue blocks were embedded in OCT
cleotides 626–885 of the MBP mRNA was prepared by in vitro tran-compound and frozen on dry ice. Serial coronal sections at a thick-
scription using 32P 	-CTP.ness of 15 m were cut in a cryostat, collected on / glass slides
(Fisher) pretreated with gelatin-chromium sulfate, and stored
at70C. Sections were pre-incubated for 30 min in 5% calf serum- In Situ Hybridization and Fluorescence Staining
1% Triton X-100 in PBS. This was followed by a 24 hr incubation in COS cells were plated on glass coverslips in 6-well dishes and
PBS-0.1% Triton with a mix of two monoclonal MBP antibodies. transfected by using Lipofectamine Plus (Canadian Life). Twelve
The monoclonal anti-MBP antibody (1:2500, Sternberger LTD) and hours after transfection, the cells were fixed with 4% paraformalde-
mAb 387 (1:1000, Chemicon International) were used for staining hyde in PBS and permeabilized with 1% Triton X-100 in PBS. If the
the MBP isoforms in the mouse brain cross-sections. Affinity-puri- cells were transfected with GFP constructs, the coverslips were
fied anti-MBPexII was used as described previously (Pedraza et al., mounted onto glass slides with Immuno-Mount (Shandon Inc.) con-
1997). Species-specific Alexa 546 (Molecular Probes) secondary taining DAPI or To-Pro3 (Molecular Probes) to stain the nuclei. For
antibodies diluted 1:400 in PBS:0.1%Triton were used for detection. Myc and MBP immunostaining, the permeabilized cells were
blocked with 10% calf serum in PBS for 30 min, incubated with 9E10
(1:1000) or the monoclonal anti-MBP antibody (1:2500, SternbergerDNA Constructs
The constructs encoding HA-QKI-7, myc-QKI-5, myc-QKI-6, myc- LTD) in PBS containing 3% BSA for 1 hr, and then incubated with
rhodamine- (1:200) or FITC-conjugated (1:400) goat anti-mouse sec-QKI-7, myc-QKI-7:E48G, glutathione S-transferase (GST)-QKI-7,
and GST-QKI-7:E48G were described previously (Chen and Richard, ondary antibodies (Jackson Laboratories) for 20 min. The cells were
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visualized with a Leitz (Wetzlar, Germany) Aristoplan fluorescence tion of synthesis form incorporation of basic protein in quaking
mutant mouse myelin. Brain Res. 120, 517–520.microscope or by confocal microscopy using Zeiss LSM-510
system. Campagnoni, A.T., Verdi, J.M., Verity, A.N., and Amur-Umarjee, S.
A DNA fragment encompassing nucleotides 35–190 of the 14 kDa (1990). Posttranscriptional events in the expression of myelin protein
MBP isoform was amplified by PCR and in situ hybridization was genes. Ann. N Y Acad. Sci. 605, 270–279.
carried out as described (Lawrence and Singer, 1986). Digoxigenin-
Carnow, T.B., Carson, J.H., Brostoff, S.W., and Hogan, E.L. (1984).
labeled RNA was detected with the anti-digoxigenin antibody conju-
Myelin basic protein gene expression in quaking, jimpy and myelin
gated to rhodamine in COS cells, whereas the fluorescent antibody
synthesis-deficient mice. Dev. Biol. 106, 38–44.
enhancement set for DIG detection (Roche) was used on OL slides
Carson, J.H., Cui, H., and Barbarese, E. (2001). The balance of powerand visualized as describe above.
in RNA trafficking. Curr. Opin. Neurobiol. 11, 558–563.
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